Hybrid clones segregating human chromosomes were prepared by fusing mouse RAG cells to fresh human bone marrow cells and tested for the mixed-function oxygenase [flavoprotein-linked monooxygenase; RHreduced-flavopro-
Isozyme analysis performed on 12 primary and 19 secondary hybrid clones showed that aryl hydrocarbon hydroxylase activity was concordant with the expression of the human isozymes malate dehydrogenase (EC 1.1.1.37) and isocitrate dehydrogenase (EC 1.1.1.42), previously assigned to human chromosome 2. Isozyme markers for 19 other human chromosomes segregated independently from aryl hydrocarbon hydroxylase activity. The results suggest that the gene(s) required for aryl hydrocarbon hydroxylase activity are located on human chromosome 2.
Microsomal mixed-function oxygenases [flavoprotein-linked monooxygenase; RH,reduced-flavoprotein:oxygen oxidoreductase (RH-hydroxylating); EC 1.14.14.1] are important enzymes for the catabolism of xenobiotics such as drugs, pesticides, and carcinogens, and are also involved in the metabolism of various endogenous substrates including hormones and fatty acids (1) (2) (3) (4) (5) . Aryl hydrocarbon (benzo[a] pyrene) hydroxylases (AHH), representatives of these oxygenases, have been extensively studied since they convert aromatic polycyclic hydrocarbons to their toxic and carcinogenic form (3) (4) (5) . Recent studies elucidated the metabolic pathway and precise structure of an activated form of benzo[a ]pyrene (6) that was extremely mutagenic in mammalian cells (6) .
These cytochrome P-450 containing enzymes are highly substrate inducible in most mammalian tissues (1, 4, 5, 7) and cells in culture (7) (8) (9) . The properties of the enzyme system and the requirements of the induction for protein and RNA synthesis have been described in detail (10) (11) (12) . Studies in rodents and man suggested that the mode and extent of induction of AHH is under genetic control (10) (11) (12) (13) (14) (15) .
Analysis of interspecific hybrids formed by fusion of mammalian somatic cells has proved useful for gene mapping and linkage studies. Hybrids formed from established rodent cell lines and human cells preferentially segregate human chromosomes and thus provide a means for human gene linkage studies (16, 17) .
Previous interspecific hybrid cell studies indicated that AHH activity may be dominantly expressed (9, 18, 19) . Thus, it appeared feasible to correlate the expression of AHH activity with the presence of human chromosome(s) in hybrids formed from mouse cells that did not express AHH activity and fresh human bone marrow cells.
Our results show that the expression of AHH activity in these hybrids is concordant with the expression of human isozymes malate dehydrogenase (EC 1.1.137) and isocitrate dehydrogenase (EC 1.1.1.42) assigned to human chromosome 2 (20) .
MATERIALS AND METHODS Preparation of Hybrid Cells. Mouse (BALB/cd) 8-azaguanine-resistant RAG cells (American Type Tissue Culture Collection, C.C.L. 142), an established heteroploid mouse cell line derived from a renal adenocarcinoma (21) , were fused to fresh human bone marrow from a normal 24-year-old woman (the marrow was of normal cellularity with myeloid:erthyroid ratio 3:1 and exhibited normal maturation). Bone marrow cells (0.1 ml packed volume), washed twice in balanced salt solution, were mixed with RAG cells (2 X 106), fused with inactivated Sendai virus, and cultured and hybrids were isolated as described (22) .
The primary, independent clones, designated RBM followed by the number of the clone, were passaged (1:10 dilution) every week in Dulbecco's modified Eagle's medium supplemented with 5% fetal calf serum, hypoxanthine (i0-4 M), aminopterin (4 X 10-7 M), and thymidine (1.6 X 10-5 M) (D5HAT). The lines were found to be free of detectable mycoplasma by bacteriological tests performed at Microbiological Associates, Bethesda, Md.
Preparation of Subelones. Two hybrid clones were subcloned as described (22) . The subelones are designated RBMXS followed by the number of the subclones.
Isozyme Analysis. After 10 passages, large quantities of cells were grown, collected, homogenized, and stored in the vapor phase liquid nitrogen freezer for human and mouse isozyme analysis on vertical starch gels as described (16, 17, 22 Aryl Hydrocarbon Hydroxylase Assay. Monolayers were washed twice with cold Dulbecco's phosphate-buffered solution, collected by scraping into 5 ml of buffer, and centrifuged at 1000 X g for 3 min. The pellet was stored at -700 up to several days before assay of AHH activity. The pellets were homogenized in 0.5 ml of 0.05 M Tris-HCl buffer (pH 7.6), and a 0.4-ml aliquot was assayed for AHH activity by the method of Nebert and Gelboin (23) . The incubation mixtures contained in a volume of 1 ml: 10,mol of Tris-HCl (pH 7.6), 3 The test for presence of induced AHH activity in the hybrid cells was made more sensitive by adding aminophylline to the growth medium at a final 0.7 mM concentration. This compound has recently been reported to increase the induction of AHH activity in BHK cells (25) . Exposure to aminophylline and benz[a janthracene enhances the degree of induction by benz [a] anthracene in the hybrid clone RBM 24S4 without altering the kinetics of induction (Fig. 1) . In RAG cells addition of aminophylline to the inducer medium did not elicit any AHH activity (Fig. 1) . The induced hydroxylase activities were either at background levels or 40-to 300-fold above background (Table 3) . Two subclones, RBM 24S7 and S8, had AHH levels only 8-fold above the heat-inactivated samples; however, 8 weeks earlier they had exhibited considerably higher activities. Concomitant with this reduction, their malate and isocitrate dehydrogenase isozyme activities, which had been positive, became very weak (Table 3) .
Examination of the results in Tables 2 and 3 shows that in nine of the clones examined, constitutive AHH activity was detectable. It is apparent that the constitutive activity was only measurable in those clones that also exhibited relatively high levels of induced AHH.
The presence or absence of the human component of 21 isozymes assigned to 19 different human chromosomes were correlated with induced AHH activities (Table 1) . Malate dehydrogenase-1, on human chromosome 2, showed no discordant clones, while isocitrate dehydrogenase-1, also on chromosome 2, showed only one discordant clone out of the 31 tested. The clones were discordant in over 20% of cases for the other isozymes and induced AHH activity. However, isozymes on
(-)/AHH (+).
To test whether the X chromosome was required for AHH activity in these hybrid cells, we grew seven inducible subclones for 2 weeks in D5 medium to allow segregation of the human X chromosome. The clones were then transferred to D5 medium containing 6-thioguanine (10-4 M), which would kill cells retaining human hypoxanthine phosphoribosyltransferase activity. The clones were grown up and retested for glucose-6-phosphate dehydrogenase and AHH activity. All the clones had lost human glucose-6-phosphate dehydrogenase activity, indicating loss of the human X chromosome, but they all retained basal and induced AHH activities similar to control cultures grown in HAT medium, eliminating a role for X-linked genes (Table 1 Tables 2 and 3 show a wide range of constitutive and induced AHH activities in the hybrid cells. This might be due to the heterogeneity of the human parental bone marrow cells. Various levels of constitutive and induced AHH activities have been measured in several types of nucleated blood cells derived from bone marrow and in mesenchymal cells (15, (26) (27) (28) (29) . Also, it has been shown that subcloning of an apparently homogeneous population of cells can result in clones with widely differing AHH levels (30) . The data in Table 2 (31) (32) (33) (34) , and it is possible that both the constitutive and induced hydroxylase consists of different forms of the enzyme (31, 32) . The assay for aromatic hydrocarbon hydroxylase used in the study does not distinguish between the various forms of the cytochrome.
It should also be noted that until the human and mouse hydroxylases can be distinguished, the possibility remains that the expression of AHH activity in any hybrid cell line is due to either complementation of some component of the complex enzyme system or to activation of a prviously silent mouse or human function. However, the concordance between induced AHH activity and the expression of isozymes assigned to human chromosome 2 suggests that the structural gene for this activity is located on chromosome 2. Likewise, if the structural gene for constitutive activity were located on another chromosome, then this activity could be expressed independently of the induced enzyme and expression of isozymes on chromosome 2. However, this was not the case: all the hybrids exhibiting constitutive activity were also inducible and expressed chromosome 2 marker enzymes (Tables 2 and 3 ). Thus we suggest that the structural gene(s) for constitutive and induced AHH activities is located on human chromosome 2. The regulatory gene(s), on the other hand, is not necessarily located on this chromosome. While a sizable fraction of asyntenic examples could be found for induced AHH activity and markers on chromosomes other than 2, in the case of chromosomes 1, 13, and 21 only one asyntenic example of the type isozyme-/AHH+ was found. Thus it is possible that genes required but not sufficient for AHH expression are present on these human chromosomes or even on a mouse chromosome. However, the present data together with previous observations on hybrid cells which showed a close association between constitutive and induced AHH activities (9) strongly suggest that the gene regulating the rate of synthesis of the oxygenase is in close proximity to the structural gene(s). Similar conclusions have been drawn by Paigen et al. (35) and Coleman (36) from observations on other inducible microsomal and soluble enzymes. Our assignment of AHH activities to a single human chromosome is also compatible with conclusions drawn from human population studies suggesting a single locus for the control of AHH enzyme (15, 37) .
Mixed function oxygenases involved in aromatic polycyclic hydrocarbon metabolism may play a central role in determining susceptibility to carcinogenic agents in different individuals. Further studies in hybrid cells may help to elucidate the molecular and genetic mechanism of regulation of these enzymes and the genetic basis for individual variability in susceptibility to chemical carcinogenesis.
We have attempted to show the activity measured in these hybrid cells is human AHH by analyzing spectrofluorimetric data obtained from the products of the AHH assay and also by utilizing various electrophoretic techniques to separate the different enzyme forms. To date we have not been able to distinguish the enzyme present in the hybrid cells from that in human or mouse cells.
